Tannerella forsythia is strongly associated with chronic periodontitis, an inflammatory disease of the tooth-supporting tissues, leading to tooth loss. Fusobacterium nucleatum, an opportunistic pathogen, is thought to promote dental plaque formation by serving as a bridge bacterium between early-and late-colonizing species of the oral cavity. Previous studies have shown that F. nucleatum species synergize with T. forsythia during biofilm formation and pathogenesis. In the present study, we showed that coinfection of F. nucleatum and T. forsythia is more potent than infection with either species alone in inducing NF-B activity and proinflammatory cytokine secretion in monocytic cells and primary murine macrophages. Moreover, in a murine model of periodontitis, mixed infection with the two species induces synergistic alveolar bone loss, characterized by bone loss which is greater than the additive alveolar bone losses induced by each species alone. Further, in comparison to the single-species infection, mixed infection caused significantly increased inflammatory cell infiltration in the gingivae and osteoclastic activity in the jaw bones. These data show that F. nucleatum subspecies and T. forsythia synergistically stimulate the host immune response and induce alveolar bone loss in a murine experimental periodontitis model.
P
eriodontitis is a bacterially induced chronic inflammatory disease of the supporting tissues of teeth which leads to tooth loss (49) . This disease has a strong polymicrobial etiology and results mainly from the self-damaging effects of the immune response elicited to supra-and subgingival biofilm bacteria (24) . The major pathogens accompanying these biofilms are the Gram-negative anaerobes Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia-collectively known as the "red complex" consortium (37) . The involvement of these bacteria in periodontitis has been demonstrated in rodent models of periodontitis, in which oral infection with either species has been shown to induce alveolar bone destruction (4, 25, 27, 34, 35) . In addition, polymicrobial challenge comprising two or more species has been shown to cause a synergistic alveolar bone loss (21, 29) . While the exact mechanism by which these bacterial species cooperate to induce alveolar bone loss is not completely understood, metabolic, chemical, and physical interactions are expected to play critical roles (23) . Such interactions are likely to impact bacterial growth, mediate colonization through coaggregations, promote mixed biofilms, and regulate expression of microbial molecules that trigger cytokine release, inducing inflammation.
Fusobacterium nucleatum is a predominant species of subgingival biofilm in both healthy and disease states (12) . Because of this bacterium's ability to coaggregate with both early and late colonizers of the human oral cavity, it is suggested to promote plaque development by acting as a bridge bacterium (6, 23, 31, 42) . In this regard, studies have shown that several F. nucleatum species form a synergistic biofilm in vitro with T. forsythia (36) while F. nucleatum also strongly coaggregates with T. forsythia (36) . In vivo, F. nucleatum and T. forsythia dominate the intermediate layers of subgingival biofilms (51) . Additionally, F. nucleatum can modulate the inflammatory response of the host to other pathogens (13, 15, 18, 30, 46) .
In the present study, we sought to determine the extent to which the alveolar bone loss and inflammation due to T. forsythia infection were impacted by the presence of F. nucleatum in a mouse model. Our data showed that mixed F. nucleatum and T. forsythia challenge causes increased secretion of inflammatory cytokines in comparison to that from single-organism challenge. Moreover, these organisms show a synergistic phenomenon with respect to the alveolar bone loss induction. They act cooperatively in mixed infections to induce alveolar bone loss more than the additive alveolar bone losses due to each species alone. This increased alveolar bone loss due to mixed infection also correlates with the increased infiltration of tissue inflammatory cells and osteoclastic activity in mice.
MATERIALS AND METHODS

Bacteria.
T. forsythia ATCC 43037 and F. nucleatum subsp. nucleatum ATCC 25586 were grown in TF broth (brain heart infusion medium containing 5 g/ml hemin, 0.5 g/ml menadione, 0.001% N-acetylmuramic acid, 0.1% L-cysteine, and 5% fetal bovine serum) and TS broth (tryptic soy broth containing 0.1% L-cysteine and 0.4% yeast extract), respectively, as liquid cultures or on plates containing 1.5% agar in the broth under anaerobic conditions as described previously (36) .
Mice. Specific-pathogen-free BALB/cJ mice (Jackson Laboratory, Bar Harbor, ME) were maintained in HEPA-filtered cages with autoclaved food, water, and bedding. All animal procedures were performed in accordance with the protocols approved by the University at Buffalo Institutional Animal Care and Use Committee (IACUC).
Mammalian cells, stimulation, and cytokine ELISA. Mouse peritoneal macrophages were prepared as described previously (50) , and THP1-Blue cells (InvivoGen, San Diego, CA) were cultured in RPMI 1640 me-dium (Invitrogen, Carlsbad, CA) containing 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 10 mM HEPES, 4.5 g/liter glucose, 100 U/ml penicillin G, 100 g/ml streptomycin, and 0.05 mM 2-mercaptoethanol. THP1-Blue cells are derived from the human monocytic THP-1 cell line by stable transfection with a reporter plasmid expressing a secreted embryonic alkaline phosphatase (SEAP) gene under the control of NF-B and the AP-1 inducible promoter. Mammalian cells were seeded in 48-well culture plates at a density of 10 5 cells per well in 250 l growth medium. Bacteria were enumerated with the Petroff-Hausser chamber immediately prior to each experiment. For challenge with an individual species (T. forsythia or F. nucleatum), multiplicities of infection (MOIs; numbers of bacteria per mammalian cell) of 10, 100, and 250 were used. For mixed infections, both species (F. nucleatum and T. forsythia cells) were mixed in a ratio of 1:1 to obtain the required MOI of 10, 100, or 250, and mixtures were incubated at room temperature for 10 min to allow coaggregation and then added to mammalian cell cultures. Therefore, with bacteria at a 1:1 ratio, the numbers of cells of each species (F. nucleatum or T. forsythia) at a given MOI were half of their numbers in single infections with the same MOI. Coaggregations were monitored qualitatively by visual observations. At the end of the incubation period, smallsized bacterial aggregates with some flocculation and turbidity still remaining in the incubation tubes implied that coaggregation had initiated. The cell supernatants from mouse macrophages and THP1-Blue cells were challenged with Escherichia coli lipopolysaccharide (LPS) (100 ng/ ml) as a positive agonist, and supernatants were collected and stored at Ϫ80°C until assayed. None of the treatments affected cell viability compared to that of the medium-only control, as judged by the trypan blue exclusion assay. The cytokines interleukin 1␤ (IL-1␤), tumor necrosis factor alpha (TNF-␣), and IL-6 were measured in triplicate by enzymelinked immunosorbent assay (ELISA) kits from eBiosciences. The supernatants from THP1-Blue cells were assayed for SEAP by a colorimetric enzyme assay (Quanti-Blue; InvivoGen).
Western blot analysis. A Western blot analysis for detecting NF-B (p65) activation was performed as described previously (9) using antibodies specific to the p65 subunit or its phosphorylated form at serine 536 (Cell Signaling Technology).
Mouse infection and alveolar bone loss assessment. BALB/cJ mice (6-to 7-week-old females, 8 to 10 mice per group) were infected with bacteria (mono-or mixed infection) as previously described with the following modifications (35) . Briefly, mice were first treated with kanamycin (1 mg/ml water) for 7 days ad libitum, followed by a 3-day antibiotic-free period to suppress resident oral flora. This was followed by monoinfection with live bacteria (T. forsythia or F. nucleatum) by oral gavage using a feeding needle. Monoinfections were given as 100-l bacterial suspensions (10 10 CFU/ml) in 2% carboxymethyl cellulose (CMC) three times at 48-h intervals, and this schedule was repeated the following week. Mice receiving mixed infections received 100-l suspensions containing 1:1 ratios of T. forsythia and F. nucleatum (10 10 CFU/ml total bacteria). The control group (sham-infected) mice received antibiotic pretreatment and 100 l of 2% carboxymethyl cellulose only. Bacterial colonization was assessed by PCR analysis for the presence of T. forsythia-and F. nucleatum-specific 16S rRNA genes (36) in oral swab samples as described previously (35) . The primers specific for T. forsythia were 5=-GCGTATGTAACCTGCCCGCA-3= and 5=-TGCTTCAG TTCAGTTATACCT-3=, amplifying a 641-bp amplicon, and for F. nucleatum, the primers were 5=-AAGCGCGTCTAGGTGGTTATGT-3= and 5=-TGTAGTTCCGCTTACCTCTCCAG-3=, amplifying a 108-bp product. A pair of ubiquitous bacterial primers, 5=-GTGCTGCAGAGAGTTTGATC ATGCCTCAG-3= and 5=-CACGGATCCTACGGGTACCTTGTTACGA CTT-3=, which detect almost all bacterial 16S rRNA genes, was used as a positive control (amplicon length, 1.4 kb). Mice were sacrificed 6 weeks after first infection; serum was collected by cardiac puncture. Jaws were autoclaved and defleshed, immersed overnight in 3% hydrogen peroxide, and stained with 1% methylene blue. Horizontal bone loss was assessed morphometrically by measuring the distance between the cementoenamel junction (CEJ) and the alveolar bone crest (ABC). Measurements at 14 buccal sites per mouse (7 sites each on the left and right maxillary molars) were made under a dissecting microscope (Brook-Anco, Rochester, NY) fitted with an Aquinto imaging measurement system (a4i America, Rochester, NY). Random and blinded bone measurements were taken by two independent evaluators. Total alveolar bone loss per group was calculated by averaging total CEJ-ABC distances (14 sites per mouse) of all mice. All data were analyzed on GraphPad Prism 5 software (Graph Pad, San Diego, CA).
ELISA for bacterium-specific serum IgG titers. T. forsythia-and F. nucleatum-specific enzyme-linked immunosorbent assays (ELISAs) were performed as described previously (35) . Briefly, 96-well Immuno MaxiSorp plates (Nalgene International, Rochester, NY) were coated with formalin-fixed T. forsythia or F. nucleatum (1 ϫ 10 8 cells/well). Sera were added in a 2-fold serial dilution, and T. forsythia-or F. nucleatum-specific IgG was detected using horseradish peroxidase-conjugated goat antimouse IgG (Bethyl Laboratories, Montgomery, TX). ELISA wells were color developed with TMB (3,3=,5,5=-tetramethylbenzidine) microwell enzyme substrate (KPL, Gaithersburg MD). After stopping the enzyme reaction with 0.1 N H 2 SO 4 , plates were read at 495 nm. The antibody titer was defined as the log 2 of the highest dilution with a signal that was 0.1 optical density units above the level of the background signal.
Immunohistochemistry. The immunohistochemical staining was performed per our previously described procedure (27) . Briefly, the right and left halves of the maxillary and mandibular bones were removed, fixed, and embedded in paraffin; 4-m sections were cut and mounted. They were deparafinized in xylene and hydrated in graded ethanol. After antigen retrieval by incubating at 90°C for 10 min with BD Retrievagen A (BD Pharmingen, San Diego, CA), specimens were sequentially incubated in (i) blocking solution containing 0.1% Triton X-100 in 0.1 M phosphate-buffered saline (PBS) for 1 h at room temperature and (ii) monoclonal rat anti-mouse CD45 (BD PharMingen) antibody diluted 1:30 in PBS containing 0.1% Triton X-100 or neutrophil marker antibody (NIMP-R14; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at room temperature. The slides were incubated with a biotinylated secondary antibody (goat anti-rat), followed by avidin-peroxidase and color development with 3,3-diaminobenzidine (DAB) (Vector Labs, Burlingame, CA); the counter stain was hematoxylin. After each step, slides were rinsed in PBS-Tween 20 (PBST) (3 times for 10 min each).
Slides were scanned at an absolute magnification of ϫ400 using the Aperio Scan Scope CS system (Aperio Technologies, Vista CA). Slides (six slides per mouse) were viewed and analyzed remotely using desktop personal computers employing the virtual image viewer software (Aperio). Antibody-positive cells (stained brown) were enumerated manually in the interdental areas from the first to the third molar at randomly selected locations in each slide (6 per slide). The areas associated with these locations were then obtained from the software to calculate the average cell densities per square millimeter.
Bone histology. Bone histology was performed per our previously described protocols (27) . Briefly, mice maxillary and mandibular bones (n ϭ 4) were fixed in 10% phosphate-buffered formalin and decalcified in 10% EDTA. The samples were then embedded in paraffin, and sections of 4 m were prepared and stained for tartrate-resistant acid phosphatase (TRAP; Sigma). The TRAP-stained whole slides were digitally scanned immediately with a Scan Scope CS system (Aperio) to minimize color fading, and the scanned slides were viewed with image viewing software (Aperio) as described above. The right maxillary and mandibular interdental areas (average of 10 high-power fields/slide) of the crestal alveolar bone from the first molar to the third molar were used to quantify osteoclasts.
Data analysis. Data were analyzed on GraphPad Prism software (GraphPad, San Diego, CA). Comparisons between groups were made using Student's t test or an analysis of variance, as appropriate. Statistical significance is defined as a P value of Ͻ0.05.
RESULTS
T. forsythia and F. nucleatum mixed challenge cooperatively induces NF-B activity and phosphorylation of p65 Ser-536.
Since inflammation is mediated mainly by cytokines, we first investigated whether T. forsythia and F. nucleatum behave cooperatively to cause the induction of NF-B, an important transcription factor for the induction of many inflammatory cytokines (3), using the reporter monocyte cell line THP1-Blue. THP1-Blue cells showed significant activation of NF-B when challenged with F. nucleatum or T. forsythia in a dose-dependent manner (Fig. 1A) . Strikingly, the NF-B activity was significantly higher in the cells challenged with a 1:1 combination of T. forsythia and F. nucleatum at total MOIs of 10 or 100 than in the cells stimulated with either bacterium alone at a similar MOI (Fig. 1A) . However, at a higher MOI of 250, no significant increase was observed with the mixed challenge compared to with the single bacterial challenge (Fig.  1A) . At high bacterium cell densities, we also observed more bacterial coaggregation and sedimentation after the preincubation mixing step, which might have led to fewer bacteria being available for interacting with the mammalian cells.
Since it has been previously shown that optimal activation of NF-B requires phosphorylation of serine 536 of the NF-B p65 subunit (45), we tested the effects of mixed T. forsythia and F. nucleatum challenge on Ser-536 phosphorylation to gain insight into the mechanism of NF-B activation. Our data indicated that T. forsythia and F. nucleatum synergistically induced phosphorylation of Ser-536 (Fig. 1B ). These findings demonstrate that the two bacteria synergistically induce NF-B through phosphorylation of Ser-536 in the p65 subunit. T. forsythia and F. nucleatum cooperatively induce cytokine release in mouse macrophages. The release of TNF-␣, IL-1␤, and FIG 2 F. nucleatum and T. forsythia mixed challenge is more potent than challenge with either organism alone in inducing cytokine secretion. Mouse macrophages were stimulated in triplicate with F. nucleatum (Fn), T. forsythia (Tf), or both bacteria (Fn:Tf) at a 1:1 ratio at total-bacteria-to-host-cell MOIs of 10 and 100. E. coli LPS was used as a positive-control agonist in each case. The culture supernatants were assayed after 16 h for IL-1␤, TNF-␣, and IL-6. Error bars indicate standard deviations. Data shown are representative of three independent experiments with similar results; statistically significant differences between the groups are indicated by asterisks (***, P Ͻ 0.001; **, P Ͻ 0.01). 1 at an MOI of 10; Fn:Tf) for 15 min, and total cell lysates were assessed by a Western blot using phospho-Ser-536 or p65 antibodies. Data shown in panels A and B are representative of three independent experiments with similar results; statistically significant differences between the groups are indicated by asterisks (***, P Ͻ 0.001). OD, optical density; n.s, not significant; Unst., unstimulated.
IL-6 cytokines in mouse primary macrophages challenged with bacteria was investigated. In agreement with the trend observed with respect to NF-B activity in response to bacteria, T. forsythia and F. nucleatum mixed challenge at a lower MOI of 10 caused significantly increased secretion of IL-1␤, TNF-␣, and IL-6 compared to that in the single-species bacterial challenge in mouse macrophages. In addition, at a higher MOI, no significant differences were observed, in a trend similar to that for the NF-B data (Fig. 2) . Taken together, these results indicated that T. forsythia and F. nucleatum act synergistically to induce inflammation in host cells, i.e., their action in concert outweighs that of monoinfection at the same MOI. This synergy at lower bacterial doses might have a role during the early stages of the disease progression or might be advantageous to habitation of the mixed-species biofilm that is key to this polymicrobial disease.
T. forsythia and F. nucleatum coinfection synergistically increases alveolar bone loss. Previously, we showed that T. forsythia induces alveolar bone loss in mice (27, 35) . In addition, we have shown that several F. nucleatum species and T. forsythia form synergistic mixed-species biofilms in vitro (36) (data not shown). In this case, when T. forsythia is cocultured with F. nucleatum, a robust biofilm, for which the total biomass of the biofilm is significantly greater than the additive biomasses of the biofilms formed by each bacterium alone, is formed (36) . These studies, together with the data presented above, relative to monocyte and macrophage activation, indicated that mixed infection with these organisms might affect alveolar bone loss outcome in vivo. Thus, we examined the effect of mixed T. forsythia and F. nucleatum challenge in a mouse model of infection-induced alveolar bone loss. For this purpose, after suppressing the resident oral flora with antibiotic, mice were orally infected with either F. nucleatum or T. forsythia with six doses of 10 9 cells per dose (monoinfections). For mixed infections, mice were given six doses of 10 9 total cells per dose that contained a 1:1 ratio of T. forsythia and F. nucleatum (i.e., 5 ϫ 10 8 cells of each bacterium). The sham-infected mice received 2% CMC alone. One week following the last infection, PCR analysis of oral swabs indicated that all mice infected with T. forsythia were positive for a T. forsythia-specific, 620-bp 16S rRNA gene product, all mice (n ϭ 8) infected with F. nucleatum (n ϭ 8) were positive for an F. nucleatum-specific, 108-bp 16S rRNA gene product, and all mice coinfected with F. nucleatum and T. forsythia were positive for the 620-bp and 180-bp PCR products (Fig. 3) . As expected, sham-infected mice were positive only for the 1.4-kb universal eubacterium 16S rRNA gene product, and the T. forsythiaand F. nucleatum-specific 16S rRNA gene products were not detected in sham-infected mice (Fig. 3) . As another confirmation of infection, T. forsythia-and F. nucleatum-specific antibody titers were evaluated in sham-infected and bacterium-infected animals. Our results showed that bacterium-specific serum IgG titers (to F. nucleatum and T. forsythia) in infected animals increased severalfold over those in sham-infected mice (Fig. 4 ). Mice infected with F. nucleatum or T. forsythia showed robust F. nucleatum-specific or T. forsythia-specific serum IgG titers, respectively. Cross-reactive antibody titers to T. forsythia were observed in mice infected with F. nucleatum and vice versa. Interestingly, antibody titers to T. forsythia in coinfected mice were significantly lower than those in mice infected with T. forsythia alone (Fig. 4) . However, the antibody titers to F. nucleatum remained similar in both coinfected and F. nucleatum-monoinfected mice. The data suggest that F. nucleatum modulates the antibody response of the host to T. forsythia. A similar outcome was reported in a previous study in which a decreased antibody response to P. gingivalis was observed in mice previously immunized with F. nucleatum (15) . The low IgG titers to T. forsythia and F. nucleatum in the sham-infected mice (Fig. 4) are presumably due to the nonspecific cross-reactivity with the antibodies to normal resident bacteria. With respect to alveolar bone loss, F. nucleatum-infected mice showed minimal alveolar bone loss (Fig. 5) . This was in agreement with a previous study that showed marginal alveolar bone loss in rats infected with a clinical isolate of F. nucleatum (47) . As expected (27) , the alveolar bone loss (total and per site) ( Fig. 5A and B ) was significantly higher in T. forsythia-infected mice than in F. nucleatum-infected or sham-infected (control) mice. The net bone loss, calculated by subtracting the total alveolar bone loss of the control group (sham) from that of the infected group, was significantly higher in the mixed-infection group than in either the T. forsythia or the F. nucleatum infection group (Fig. 5C) . Moreover, the net bone loss of the mixed-infection group was significantly higher than the additive net alveolar bone losses of the T. forsythia-and F. nucleatum-infected groups (Fig. 5C) . The results thus demonstrate a synergistic effect of mixed infection on alveolar bone loss.
Coinfection causes increased inflammatory cell infiltration and bone osteoclastic activity. The inflammatory response to mono-and mixed infections was determined by quantifying the number of CD45 (leukocyte common antigen)-positive cells. Neutrophils were quantified as NIMP-R14 (neutrophil-specific antibody)-positive cells. Moreover, to evaluate the number of osteoclasts in the alveolar bone, maxillae were stained for TRAP (tartrate-resistant alkaline phosphatase, a marker of osteoclasts) activity. The results indicated an increased number of chronic inflammatory cells positive for CD45 in mice challenged with T. forsythia or with F. nucleatum and T. forsythia coinfection compared to that in mice with F. nucleatum infection alone or sham infection (Fig. 6A) . Following quantification of CD45-positive cells, as expected (27), T. forsythia infection resulted in increased infiltration of lymphocytic cells in gingival tissue (Fig. 6B) . However, mice infected with F. nucleatum showed no significant increase (Fig. 6B) . Strikingly, gingival tissues of mice coinfected with F. nucleatum and T. forsythia exhibited significantly more CD45 ϩ lymphocytes than mice infected with T. forsythia alone (Fig. 6B) . Since neutrophil infiltration is a hallmark of inflammation and neutrophils have been suggested to play protective (48) as well as destructive (20) roles during the pathogenesis of periodontal disease, we assessed neutrophil extravasation in the interdental regions as well. The results showed that in comparison to the shaminfected mice, significantly higher numbers of neutrophils were present in single-and mixed-organism-infected mice (Fig. 6C and  D) . Strikingly, the numbers of neutrophils decreased following the mixed infection with F. nucleatum and T. forsythia compared to those after the infection with F. nucleatum alone (Fig. 6D) . This suggests that a dampening of the neutrophil response during coinfection with F. nucleatum and T. forsythia might result in reduced bacterial clearance.
With regard to the osteoclastic activity, as expected (27) , increased osteoclastic activity was observed in T. forsythia-infected mice compared to that in sham-infected mice. Interestingly, a significant increase in the number of TRAP ϩ cells was observed in coinfected mice compared to that in monoinfected mice (Fig. 7A  and B) . Therefore, the results suggested that coinfection with F. nucleatum and T. forsythia is more potent than infection with either organism alone in inducing inflammation and enhancing the bone osteoclastic activity associated with alveolar bone loss.
DISCUSSION
T. forsythia is implicated in the pathogenesis of various forms of periodontal diseases (41) . We previously showed that T. forsythia induces cytokine release from monocytic and epithelial cells (28) and forms synergistic biofilm with F. nucleatum species in a contact-dependent manner (36) . In vivo, T. forsythia induces alveolar bone loss in mice (27) . On the other hand, F. nucleatum is present in healthy individuals but is considered an opportunistic patho- gen in polymicrobial infections that is known to contribute to various conditions, such as bacterial vaginosis (10), acute appendicitis (39) , and anaerobic bacteremia, (8) and to be a risk factor for preterm birth (5, 16) . In the oral cavity, F. nucleatum is believed to contribute to the maintenance of healthy mucosal surfaces by increasing the expression of antimicrobial peptides and inhibitors that block neutrophil proteases, minimizing tissue damage (46) . F. nucleatum is also a bridging bacterium which facilitates plaque formation (51) . The influence of F. nucleatum in mixed infections during pathogenesis has been evaluated previously in animal models. For example, F. nucleatum in combination with P. gingivalis causes increased alveolar bone loss compared to that induced by either bacterium alone (30) . However, F. nucleatum did not further affect the alveolar bone loss due to polymicrobial infection comprising P. gingivalis, T. denticola, and T. forsythia (21) . As for mixed infection involving F. nucleatum and T. forsythia, a previous study demonstrated the influence of F. nucleatum on T. forsythia virulence (40) . This study showed synergistic enhancement of abscess formation in rabbits by mixed infection. The present study was undertaken to evaluate the effect of F. nucleatum on the ability of T. forsythia to induce alveolar bone loss in a mouse model to more closely mimic the pathogenesis associated with periodontitis. Our results demonstrated a significant increase in NF-B activity in monocytic cells as well as secretion of the proinflammatory cytokines IL-1␤, TNF-␣, and IL-6 in mouse macrophages in response to mixed-species infec- tion compared to that following individual-species challenge. F. nucleatum and T. forsythia in a 1:1 proportion at low multiplicities of infection induced significantly greater inflammatory responses than either species alone at similar multiplicities of infection. At higher multiplicities, the differences in the inflammatory response between mixed-and single-species challenges were not evident. It is possible that receptor saturation and/or tolerance occurring due to increasing bacterial loads is a cause. Our data are in agreement with previous studies that reported increased cytokine release by epithelial cells in response to mixed infection of T. forsythia and F. nucleatum (22) and by dendritic cells in response to mixed infection of F. nucleatum and P. gingivalis (18) in comparison to that in response to monoinfections. In vivo, T. forsythia and F. nucleatum induced alveolar bone loss in a synergistic manner (greater than the additive responses by each bacterium). Strikingly, F. nucleatum coinfection led to a dampening of the antibody response to T. forsythia. Although we do not know the reason for this phenomenon, a previous study also observed a dampened antibody response to P. gingivalis following exposure to F. nucleatum (15) . It is also likely that F. nucleatum suppresses the expression or the availability of antigenically dominant T. forsythia antigens, a result which causes a reduced bacterium-specific antibody response. Strikingly, some degree of cross-reactive antibodies to T. forsythia was observed in F. nucleatum-monoinfected mice and vice versa. The reason for this observation is not fully known except that this might represent cross-reactivity of bacterial antigens to antibodies elicited to conserved microbial components/antigens of these species and the resident mouse flora. Our in vivo data showed increased inflammatory cell (CD45 ϩ ) and neutrophil infiltration in the gingival tissues of mice challenged with mixed-species infection compared to that in mice with monospecies infections. This increased inflammation also led to a corresponding increase in osteoclastic activity (TRAP ϩ ). This study demonstrates a synergy between F. nucleatum and T. forsythia with regard to virulence in a periodontitis model. As mixed-infection partners, they induce alveolar bone loss that is significantly greater than the additive bone losses induced by each species alone.
Mechanistically, it remains to be determined how F. nucleatum and T. forsythia mixed challenge modulates innate and adaptive responses to induce synergistic alveolar bone loss. In this regard, polymicrobial challenge might engage multiple pattern recognition receptors (PRRs) through multiple pathogen-associated molecular patterns (PAMPs). Such PRR-PAMP interactions might induce a variety of transducing signals, each resulting in a cellular response that could be either cooperative or competing, ultimately influencing the overall host response. It has been demonstrated that bacterial products such as LPS, muramyl peptide, and bacterial-derived formylated peptides (fMLP) can synergistically induce proinflammatory cytokine responses. These synergistic effects have been shown to be mediated via the regulation of posttranscriptional turnover and translation of cytokine mRNA (14, 43) as well as the NF-B signaling pathways (9) . Moreover, the cytokine responses may possibly be influenced by the action of bacterial sialidases on Toll-like receptors (TLRs) (1, 2) ; T. forsythia NanH sialidase (32, 38) might play a role in this regard. Regarding NF-B activation, NF-B is present in the cytoplasm as an inactive heterodimer of an IB family inhibitor subunit, a 50-kDa DNAbinding subunit (p50), and a 65-kDa transactivation subunit (RelA/p65) (17) . Receptor-ligand engagement causes kinase-dependent phosphorylation and ubiquitin-mediated degradation of the IB inhibitor, releasing the active p50/p65 heterodimer to translocate to the nucleus and initiate transcription (45) . It has been shown that optimal transactivation of gene expression requires phosphorylation of the Ser-536 of p65 (45) . In addition, mixed challenge with bacterial LPS and fMLP synergistically activates NF-B by phosphorylating both Ser-536 and Ser-276 of p65 (9) . Another mechanism by which polymicrobial species might synergize during pathogenesis is through enhancing the invasion ability of partner species in a mixed infection (19, 22) , which, in turn, may allow increased stimulation of intracellular receptors, such as NOD1 and TLR9. During synergistic alveolar bone loss due to mixed challenge in our study, increased T. forsythia load due to F. nucleatum may be a contributing factor, since F. nucleatum may have a growth-promoting effect on T. forsythia. This notion is supported by the fact that F. nucleatum has the ability to generate reducing conditions (11) and provide the exogenous amino sugar MurNAc for the growth of T. forsythia (7, 44) . T. forsythia lacks key enzymes needed for the de novo production of this essential amino sugar needed for peptidoglycan synthesis. Still other nutritional relationships may exist; for example, the genome of F. nucleatum strain 25586 contains a complete sialic acid metabolic system (38) and may utilize free sialic acid released by the action of the T. forsythia NanH sialidase enzyme on salivary or epithelial glycoproteins (32) . In addition, NanH may act to expose subterminal galactose residues on human glycoproteins to which F. nucleatum is well known to bind via a galactose-binding lectin (26, 33) . Whether F. nucleatum presence results in increased growth and colonization of T. forsythia in the oral cavity or vice versa is difficult to assess due to the lack of suitable methods to quantify bacteria from the mouse oral cavity. While PCR analyses for the presence of 16S rRNA genes in mouse oral swabs are routinely used to assess colonization, it is not feasible to obtain samples from the subgingival sites of mice to truly estimate bacterial counts relevant for the study.
In conclusion, our data strongly indicate that mixed T. forsythia-F. nucleatum challenge induces a more robust inflammatory response, which, in turn, is responsible for synergistic effects on alveolar bone loss.
